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Received 11 August 2005; received in revised form 19 December 2005; accepted 20 December 2005AbstractNumerical studies of the relationships between littoral processes and environmental variables are important because
they provide understanding of the impacts of natural and human factors on lake systems. In this study, littoral
paludiﬁcation, its occurrence, types and main environmental determinants were studied in boreal lakes with varying
size (41–560 km2) and total phosphorus content (4.5–35.5 mgL1) in Finland. The relative importance of catchment
characteristics, water quality and water level regulation on paludiﬁcation was analysed at the lake level (n ¼ 20),
whereas the importance of site morphology, soil quality and aquatic vegetation was analysed at the site level (n ¼ 289).
This study utilised two novel statistical methods in numerical analyses: generalised linear mixed models and variation
partitioning (VP). Bottom ward overgrowth was the main paludiﬁcation type in the studied lakes. At the lake level, the
magnitude of spring ﬂooding and the altitude of the lake had a negative response to paludiﬁcation, whereas the
existence of water level regulation, cover of clay soil and total phosphorus content correlated positively to
paludiﬁcation. At the site level, the paludiﬁcation was negatively related to slope angle, and positively to the
occurrence of clay soil, Glyceria maxima (reed sweet-grass) and the abundance of eutrophy indicator species. However,
a considerable amount of variation in littoral paludiﬁcation both at lake and site levels was accounted for by the joint
effects of predictors and may thus be causally related to two or all three groups of predictors.
r 2006 Elsevier GmbH. All rights reserved.
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partitioningIntroduction
Littoral paludiﬁcation is one of the most character-
istic features of boreal lake landscape changes (see
Vaarama, 1961; Rintanen, 1996; Andersson, 2001). The
increase of aquatic macrophyte vegetation cover over
time has been reported in several large boreal lakes
(Wallsten, 1981; Andersson, 2001; Partanen & Hellstene front matter r 2006 Elsevier GmbH. All rights reserved.
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ess: sari.partanen@ymparisto.ﬁ (S. Partanen).2005). Surprisingly, quantitative studies of the determi-
nants of littoral paludiﬁcation, i.e. permanent over-
growth of the littoral shoreline, in large boreal lakes are
largely lacking to our knowledge. Detailed ﬁeld studies
and topographic map and aerial photograph examina-
tions in several recent projects (Hellsten, Keto, Suor-
aniemi, & Partanen, in press; Partanen & Hellsten, in
press) have indicated clear changes in the littoral
shoreline in a number of lake systems, but the types or
environmental factors contributing to the paludiﬁcation
have not been numerically analysed.
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sense of permanent shore changes: paludiﬁcation
(Papchenkov, 1999; Hellsten et al., in press), overgrowth
(Papchenkov, 2003), succession (Clements, 1936; Segal,
1971; Toivonen & Nybom, 1989; Papchenkov, 2003) or
peating (Papchenkov, 2003). Behind the term paludiﬁ-
cation is the theory of succession of vegetation
(Clements, 1920), which describes the consecutive
occurrence of vegetation in the same location (van der
Maarel & Werger, 1978) aiming towards the climax
(Clements, 1936). The overgrowth of a small lake is a
transformation of a water body into a peat bog
(hydrosere) (Tutin, 1941; Hinneri, 1965; Churski, 1983;
Papchenkov, 2003). The overgrowth in a large lake
differs, however, from the overgrowth of a small lake
due to the constant presence of water and the extent of
the surrounding water mass (Clements, 1936; Tutin,
1941). The paludiﬁcation in boreal lakes means the
ﬁlling of the lake shore with plant remains and the slow
process of the permanent shore changes. The over-
growth and paludiﬁcation of water bodies with vegeta-
tion is generally noted in the literature to take place
either bottom ward, surface ward or within the water
column (Lepilova, 1934 in Papchenkov, 2003; Hinneri,
1965; Segal, 1971).
Climax and generally succession studies are compli-
cated as human activities have a great effect on the
littoral processes. Typically human impact affects
aquatic macrophytes indirectly as with altered hydro-
logical regime, changed physicochemical characteristics
of the water or with land use changes (Sculthorpe, 1967;
Andersson, 2001; Papchenkov, 2003). Artiﬁcial water
level alteration and eutrophication have been shown to
have quantitative and qualitative changes on macro-
phyte communities in large boreal lakes (Kurimo, 1970;
Uotila, 1971; Anttonen-Heikkila¨, 1983; Rintanen, 1996;
Hellsten, 2000; Andersson, 2001; Partanen & Hellsten,
in press). Thus, the separation of the human-induced
succession from the natural climax aiming succession is
often challenging.
In general, littoral biotic and abiotic processes are
rather complex systems: multiple relationships and
interactions between different components and pro-
cesses act at multiple spatial and temporal scales.
Consequently, the analysing and modelling of the
littoral paludiﬁcation-environment relationships pre-
sents several statistical difﬁculties. First, spatial auto-
correlation of the data violates the assumption of
independence of most standard statistical procedures
and can lead to pseudoreplication (Hurlbert, 1984, 2004;
Legendre, 1993). Second, multicollinearity between
explanatory variables can hamper the detection of key
environmental factors underlying paludiﬁcation-envir-
onment relationships identiﬁed by traditional regression
approaches (Mac Nally, 2000). In this study, we utilised
two alternative statistical methods to address thesedifﬁculties in paludiﬁcation-environment relationships
analyses. Firstly, we utilised generalised linear mixed
models for site level studies, which allow the incorpora-
tion of random terms that control spatial dependence in
data arising from grouped observations (Pinheiro &
Bates, 2000; Venables & Ripley, 2002). Secondly, we
explored the relative importance of environmental
variables with the variation partitioning (VP) method.
In this study, the VP method provided a framework for
obtaining a comprehensive picture of the relative roles
of environmental factors affecting littoral paludiﬁcation
both at the lake and site levels. VP can provide new
insights into analyses by decomposing the variation in
response variables into independent components, which
reﬂect the relative importance of groups of predictors
and their joint effects (Liu, 1997; Cushman & McGar-
igal, 2004; Heikkinen, Luoto, Virkkala, & Rainio, 2004).
The subject of this paper is to study the paludiﬁcation
in boreal lakes varying in size and abiotic and biotic
conditions. In addition to the analysis of different
environmental variables on paludiﬁcation, different
paludiﬁcation types and subtypes were explored. This
study was conducted on two different spatial scales,
namely at the lake level (20 lakes) and at the site level
(289 study transects in 20 lakes). At the lake level, this
study produced information on the relative importance
of catchment characteristics, water quality and water
level regulation for local paludiﬁcation of the littoral
shoreline. At the site level we focused on the question
how does local shoreline morphology, bottom soil
quality and aquatic vegetation itself affect paludiﬁcation
of the littoral shoreline?Material and methods
Study areas
The lakes chosen in the study are located in Finland in
Fennoscandia (Fig. 1). The 20 studied medium-sized to
large, non-regulated and regulated lakes are geographi-
cally distributed in the North Boreal, Middle Boreal and
South Boreal climate regions and the duration of the
growing season varies between 100 and 175 days. The
long-term July mean temperature varies approximately
between 14.2 and 16.7 1C, the annual precipitation
between 600 and 750mm in a year and the duration of
the snow cover on open grounds between 130 and 200
days. A detailed geographical description of the lakes is
presented in Table 1.
Data and variables
Altogether 20 lakes and 289 study sites were surveyed
using the belt transect method during the summers of
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Fig. 1. The geographical location of the 20 study lakes in
Finland.
S. Partanen, M. Luoto / Limnologica 36 (2006) 98–1091001999–2004 for site level data (Table 1). A belt transect is
a 10m wide area reaching from the highest water level to
the last occurrence of aquatic macrophytes. The
vegetation is divided into zones on each site based on
the life form or species such as sedges (Carex sp.),
common reed (Phragmites australis), common club-rush
(Schoenoplectus lacustris), water horsetail (Equisetum
fluviatile), reed sweet-grass (Glyceria maxima), nym-
phaeids (Nuphar sp., Nymphaea sp., Persicaria amphibia,
Sagittaria natans, etc.), elodeids (Myriophyllum sp.,
Potamogeton sp., Elodea canadensis, etc.) and isoetids
(Isoetes sp., Lobelia dortmanna, Subularia aquatica).
Every zone in the transect is metered with a levelling
instrument and a level rod. All the encountered species
from the whole zone transect are recorded, excluding
aquatic mosses and algae. The abundance of each
species is recorded on a scale from 1 to 7 (Ulvinen, 1937;
Hellsten, 2000). The bottom soil quality of each
vegetation zone was coded as a binary factor: peat,
stone, gravel, sand, sandy mud, mud and clay. The slope
angle (%) is measured using the maximum measured
distance (m) and depth (m) of the furthest growing
vegetation zone. The exposure of the site towards theopen lake is measured as an opening angle with the
ArcView radiating lines and points tool (see Ekebom,
Laihonen, & Suominen, 2003; H(akanson & Jansson,
1983) using 51 accuracy. The total number of eutrophic
lemnid, ceratophyllid and elodeid species (see Toivonen
& Huttunen, 1995) of Callitriche hermaphroditica,
Ceratophyllum demersum, Hydrocharis morsus-ranae,
Lemna trisulca, Myriophyllum verticillatum, Potamoge-
ton crispus, Spirodela polyrhiza and Stratiotes aloides
in each study transect is calculated. The lake level
variables were derived from the Finnish Environment
Institute’s (SYKE) databases (see also Hellsten et al.,
2002; Pietila¨inen & Ra¨ike, 1999) and digital maps (see
Table 2).Paludiﬁcation
Based on the literature and personal experience, the
following characteristics were chosen for indication of
paludiﬁcation: (a) evidence of bottom ward overgrowth
(accumulated dead organic matter or peat, (b) evidence
of surface ward overgrowth by plant species and (c)
evidence of overgrowth within the water column by
plants (see Table 3). One or more characteristics were
noted at the same site. At the lake level, paludiﬁcation
was measured as the percentage of paludiﬁed shores,
whereas at the site level the paludiﬁcation was measured
as a binary variable (paludiﬁcation present/paludiﬁca-
tion absent). The classiﬁcation has to be considered
indicative. Measurements from several years or histor-
ical data should be available to be absolutely certain
about the activity of the paludiﬁcation, but long-term
monitoring was not possible in this study. All surveys
were performed by the ﬁrst author, eliminating variation
resulting from differences between observers.GLM and GLMM analyses
At the lake level we analysed the determinants of
paludiﬁcation using generalised linear models (GLM),
which are extensions of standard linear models and
which can accommodate various non-normal error
distributions (Nelder & Wedderburn, 1972). Because
over-dispersion (residual deviance4residual degrees of
freedom) was observed in the data we used a quasi-
Poisson error distribution in all the GLM models
(McCullagh & Nelder, 1989).
However, GLMs assume that the data are indepen-
dent and so, are not suitable for all types of spatial data.
At the site level, in order to avoid biased results created
by spatially correlated results among adjacent study
transects we used generalised linear mixed models with
penalised quasi-likelihood (GLMM PQL) (Venables &
Ripley, 2002) to explain variation in lake paludiﬁca-
tion. Like GLMs, GLMMs can accommodate various
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Table 2. The site level and lake level variables and the variable groups.
Variable level Variable group Variable Variable source
Site level variables Site morphology group Openness (opening angle) GIS map study
Slope (slope angle %) Transect data
Bottom soil quality Occurrence of peat, rock, gravel, sand, sandy
mud, mud and clay
Transect data
Aquatic vegetation Occurrence of Carex sp., Equisetum fluviatile,
Phragmites australis, Schoenoplectus lacustris,
Glyceria maxima, nymphaeids, elodeids, isoetids
Transect data
Eutrophy indicators Transect data
Lake level variables Catchment characteristics Size of the lake (km2) SYKE database
Size of the watersheds above the lake in the
catchment area (km2)
SYKE database
Time of the open water period (days) SYKE database
Elevation of the median water level (m) as
representing the vertical location of the lake
SYKE database
Average depth of the lake (m, using the following
formula of 0.19maximum measured
depth+1.45, (n ¼ 821, A450 ha)
SYKE database
Soil type (sand, clay, rock, peat, moraine) GIS map study
Water quality Total phosphorus (mgL1) SYKE database
Colour (Pt mgL1) (See Pietila¨inen &
Ra¨ike, 1999)
Water level regulation Regulated/non-regulated SYKE database
Winter draw down (m) (See Hellsten et al.,
2002)Spring ﬂood magnitude (m)
Table 3. Observed paludiﬁcation types and their subtypes in study lakes
Paludiﬁcation types Study lakes Detailed description of the observed paludiﬁcation subtypes. Note several
paludiﬁcation types and variations can occur on the same site
Bottom ward Kallavesi 3 sites dead and partly decayed Phragmites remains, 1 site very dense Equisetum
Lammasja¨rvi 1 site peat formation by Equisetum and Carex
Nuasja¨rvi 1 site dense Equisetum (360/m2) and Phragmites vegetation
Na¨sija¨rvi 4 sites peat formation by mainly Equisetum but also Glyceria, Phragmites and
Carex, 2 sites Sphagnum was paludifying the shore, 2 sites very dense Equisetum
vegetation among Glyceria and Typha latifolia stands
Pyha¨ja¨rvi 12 sites peat formation mainly by Glyceria and Equisetum but also by Typha
latifolia, Phragmites and Carex, 7 sites dead vegetation remains, 3 sites very dense
vegetation by Equisetum and Phragmites and 2 sites mosses
Simpeleenja¨rvi 1 site dead vegetation remains, mainly Phragmites
Vanajavesi 14 sites peat formation mainly by Glyceria but by Phrgamites, Equisetum, Typha,
Carex and Nuphar lutea and 3 sites dead vegetation remains
Yli-Suolija¨rvi 1 site peat formation by Carex and Nuphar lutea
Surface ward Vanajavesi 2 sites Glyceria maxima and 1 site Hydrocharis morsus-ranae
Within the water column Vanajavesi 3 sites Ceratophyllum demersum
Pyha¨ja¨rvi 1 site Ceratophyllum demersum and 1 site Utricularia intemedia
S. Partanen, M. Luoto / Limnologica 36 (2006) 98–109102non-normal error distributions (Venables & Ripley, 2002).
Moreover, GLMMs allow the incorporation of random
terms that control correlations in data arising from
grouped observations. GLMMs therefore provide a novel
method to analyse limnological data that does notconform to a normal distribution and, at the same time,
controls for correlations between measures that arise from
grouped observations (Pinheiro & Bates, 2000).
Since there were several study transects in each lake,
the ID number of the lake was ﬁtted as a random term
ARTICLE IN PRESS
S. Partanen, M. Luoto / Limnologica 36 (2006) 98–109 103to overcome the problems of pseudoreplication in the
data (Hurlbert, 1984; Legendre, 1993; Hurlbert, 2004).
Because the dependent variable of the site level data was
a binomial we used a binomial distribution of error and
logic link function in GLMMs. All statistical calcula-
tions were performed using the statistical package R
version 2.0.1 (R Development Core Team, 2004). After
the construction of the GLM and GLMM models, we
used the VP method (Borcard, Legendre, & Drapeau,
1992) to evaluate the relative roles of the variable groups
affecting lake paludiﬁcation.
VP
The VP approach was used to decompose the
variation in the actual paludiﬁcation of the littoral
shoreline at the lake level among the three groups of
predictors: catchment characteristics (C), water quality
(W), and water level regulation (R) variables. At the site
level environmental variables were grouped into the
following three groups of predictors: site morphology
(M), bottom soil quality (S) and aquatic vegetation (V)
variables (see Table 2). Variation in the paludiﬁcation of
the littoral shoreline was partitioned using a series of
partial regression analysis with GLMs for the lake level
and GLMMs for the site level, as implemented in the
statistical package R. As a ﬁrst step, within each of the
three groups of predictors a forward selection and
backward deletion of predictor variables was performed
to include variables that contributed signiﬁcantly
(po0:05) to the explained variation (Borcard et al.,
1992). The goodness-of-ﬁt for each added variable was
measured by the deviance statistics and an F ratio test
(Venables & Ripley, 2002).
VP with three explanatory matrices has been de-
scribed in detail by Anderson and Gribble (1998) and
Heikkinen et al. (2004). At the lake level (site level in
parentheses), it leads to the following eight fractions: (a)
pure effect of catchment characteristics (site morphol-
ogy), (b) pure effect of water quality (bottom soil
quality), (c) pure effect of water regulation (aquatic
vegetation); combined variation due to the joint effects
of (d) a and b, (e) a and c, (f) b and c, (g) the three
groups of explanatory variables, and ﬁnally (h) un-
explained variation.Results
Paludiﬁcation types and subtypes
Altogether 40% of the lakes (eight lakes out of 20)
had evidence of paludiﬁcation (see Tables 3 and 4). The
paludiﬁcation varied from 0% to 44% (mean 8%). In
general, littoral paludiﬁcation is clearly deﬁned in lakebasins with a high cover of clay soils and total
phosphorus content, and relatively small spring ﬂood-
ing, whereas there was no statistically signiﬁcant
correlation between lake size and the percentage of
paludiﬁcation (Pearson correlation coefﬁcient 0.022,
p ¼ 0:927).
The most important paludiﬁcation type was the
bottom ward paludiﬁcation, as it was observed in all
paludiﬁed lakes and was the major occurrence type of
paludiﬁcation in the studied lakes (Table 3). Surface
ward paludiﬁcation was noticed in one lake and two
lakes had evidence of the within the water column
paludiﬁcation. In general the smaller lakes had varying
bottom ward paludiﬁcation subtypes: peat formation,
dense vegetation and dead vegetation remains.Environmental factors affecting paludiﬁcation
The three partial models based on environmental
variable groups for lake level paludiﬁcation are pre-
sented in Table 5. At the lake level two catchment
characteristic variables explained 49% of the variation
(explained deviance 173.5 out of the total deviance
352.9) in paludiﬁcation. The cover of clay soil had a
positive response, and altitude of the lake a negative
response to paludiﬁcation. Total phosphorus (positive
response) was the only variable included in the lake level
water quality model explaining 45% of the variation in
paludiﬁcation. Two water level regulation variables
explained 44% of the variation: the extent of spring
ﬂooding had a general negative response to paludiﬁca-
tion with only a slight tendency to level off towards the
largest values of the variable (second-order polynomial
term), whereas regulation as a binary variable had a
positive response to paludiﬁcation. The three partial
models for site level littoral paludiﬁcation are presented
in Table 6. Only one site morphology variable was
selected for the model, namely slope angle. It had a
negative response to paludiﬁcation, explaining 8% of
the variation. Soil variables explained 11% of the
variation of the site level paludiﬁcation; rock and sand
had a negative and clay a positive response to
paludiﬁcation. Vegetation variables explained 15% of
the site level paludiﬁcation; reed sweet-grass, nym-
phaeids and eutrophy indicator variables were included
in the aquatic vegetation model with a positive response
to paludiﬁcation.Variance partitioning of environmental factors
The speciﬁc parts of the variance of paludiﬁcation of
the littoral shoreline explained by the groups of
environmental variables are summarised in Figs. 2 and
3. At the lake level the pure effect of water quality was
relatively small (2%), but statistically signiﬁcant,
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Table 5. Partial environmental models for lake level littoral paludiﬁction
Variable C DE p RD
Catchment characteristics model 179.44
Intercept 2.190
Altitude 0.008  0.016
Clay 0.036 + 0.004
Water quality model 195.63
Intercept 0.229
Total phosphorous 0.106 + o0.001
Water regulation model 198.04
Intercept 3.030
Spring ﬂooding (linear term) 11.069  0.122
Spring ﬂooding2 (quadratic term) 18.870 + 0.0272
Regulation 6.019 + 0.0459
Null deviance ¼ 352.90. The models are based on generalized linear models (GLMs) with a quasi-Poisson error distribution and log-link.
C ¼ coefﬁcient, DE ¼ direction of the effect, p ¼ statistical signiﬁcance based on F-ratio test and RD ¼ residual deviance of the partial model.
Table 6. Partial environmental models for site level littoral paludiﬁcation
Variable C DE p RD
Site morphology model 233.88
Intercept 1.093
Slope 0.346  o 0.001
Bottom quality model 225.59
Intercept 1.908
Rock 1.593  o 0.001
Sand 0.859  0.043
Clay 0.829 + 0.026
Aquatic vegetation model 216.25
Intercept 3.141
Eutrophy indicator sp. 0.598 + o 0.001
Reed sweet-grass 0.017 + o 0.001
Nymphaeids 0.021 + 0.003
Null deviance ¼ 253.04. The models are based on generalised linear mixed models with penalised quasi-likelihood (GLMMs PQL) with binomial
error distribution and logit-link. C ¼ coefﬁcient, DE ¼ direction of the effect, p ¼ statistical signiﬁcance based on F-ratio test and RD ¼ residual
deviance of the partial model.
S. Partanen, M. Luoto / Limnologica 36 (2006) 98–109 105whereas the pure effect of catchment characteristics
(11%) and water regulation (14%) variable groups
explained a clearly higher amount of variation. How-
ever, the largest amount of variation in lake level littoral
paludiﬁcation was accounted for by the joint effects of
all predictors (25%) and may thus be causally related to
all three groups of variables. The amount of unex-
plained variation was relatively small, 30%.
At the site level the pure effects of site morphology
(2%) and bottom soil quality (4%) variable groups were
relatively small, whereas the largest fraction in the
explained variation (6%) was related to the aquatic
vegetation variable groups. In addition, a rather high
amount of variation was accounted for by the jointeffects of predictors, which indicates that paludiﬁcation
at the site level may be causally related to two or all
three groups of variables. The amount of unexplained
variation was rather high, 79%.Discussion
Our study focused on the determinants of littoral
paludiﬁcation in boreal lakes on two spatial scales,
namely at the lake level and the site level. In general, the
results presented here show a relatively high amount of
variation in paludiﬁcation at the lake level with data
ARTICLE IN PRESS
Fig. 2. Variance partitioning of the lake level littoral
paludiﬁcation. Values are the percentages of variance ex-
plained by catchment characteristics (C), water quality (W)
and water regulation (R) and by their interactions (CW, CR,
WR and CWR). U ¼ unexplained variation.
Fig. 3. Variance partitioning of the site level littoral paludi-
ﬁcation. Values are the percentages of variance explained by
site morphology (M), quaternary soil deposits (S) and aquatic
vegetation (V) and by their interactions (MS, MV, SV and
MSV). U ¼ unexplained variation.
S. Partanen, M. Luoto / Limnologica 36 (2006) 98–109106characterised by low residual deviance, whereas at the
site level environmental determinants explained the
rather moderate amount of variation. VP based on
GLMs and GLMMs appeared to be useful for examin-
ing the main determinants of littoral paludiﬁcation in
boreal lake systems.
In general, the cover of clay soil, total phosphorus
content and the spring ﬂooding appeared to be the
primary determinants of the littoral paludiﬁcation. At
the lake level, the magnitude of the spring ﬂooding and
the altitude of the lake had a negative response to
paludiﬁcation, whereas the water level regulation, cover
of clay soil and the total phosphorus content correlated
positively to paludiﬁcation. At the site level, the
paludiﬁcation was negatively related to slope angle,
and positively to the occurrence of clay soil, G. maxima
(reed sweet-grass) and the abundance of eutrophy
indicator species. However, a considerable amount of
variation in littoral paludiﬁcation both at lake and site
levels was accounted for by the joint effects of predictors
and may thus be causally related to two or all three
groups of variables.Several studies have presented a clear relationship
between nutrient content and overgrowth in northern
European lakes (Churski, 1983; Hellsten, 2000; Anders-
son, 2001; Ma¨emets & Freiberg, 2004). Speciﬁcally, the
past actions in efﬂuent loadings still contribute to the
present conditions (Uotila, 1971; Ma¨emets & Freiberg,
2004). Along with nutrient increase, water level regula-
tion has been shown to affect the vegetation dynamics in
large lakes (Gottgens, Swartz, Kroll, & Eboch, 1998;
Ma¨emets & Freiberg, 2004), particularly due to the
reduced spring ﬂood (Andersson, 2001; Partanen &
Hellsten, in press). The reduced spring ﬂood beneﬁts the
growth of several macrophyte species (Quennerstedt,
1958) and it leaves the dead vegetation remains on the
shore due to the lowered ﬂood maximum (Hellsten,
2000). In this study, both the spring ﬂood reduction and
the existence of water level regulation were found to
have signiﬁcant contribution to the paludiﬁcation.
The edaphic factors have been known to determine
the productivity and distribution of lake macrophyte
ﬂora (Pearsall, 1921; Lohammar, 1965). Clay and silty
shores in general have been found to promote vegetation
growth (Uotila, 1971; Rintanen, 1996; Partanen &
Hellsten, in press). In this study clay soils correlated
positively with the paludiﬁcation. The exposure of the
shore has been regarded as one of the most important
factors determining aquatic macrophyte growth (Segal,
1971; Spence, 1982; Weisner, 1987). In our study, the
exposure did not have a clear effect on the paludiﬁca-
tion. In the studied lakes, paludiﬁcation occurred also
on exposed shores. According to Tutin (1941) the
succession into hydrosere in large lakes is only possible
in sheltered bays. Moreover, due to the balanced
occurrence of aquatic macrophyte growth certain
aquatic communities can be regarded to be climax
communities until waves prohibit their occurrence
(Tutin, 1941). However, based on our results the
populations in exposed shores cannot be regarded
climax communities as they can be furthermore changed
by the paludiﬁcation. The effect of the slope is reported
to affect the biomass or the vegetation change of the
communities (Wallsten, 1981; Duarte & Kalff, 1986;
Rea, Karapatakis, Guy, Pinder, & Mackey, 1998).
Based on our results for site morphology the slope
angle is negatively related to the paludiﬁcation.
In this study, the paludiﬁcation was not directly
connected with the zonal plant cover phases and with
the helophytes (see Clements, 1920; Papchenkov, 2003).
The most frequent macrophyte species forming the
zonation in boreal lakes are Phragmites australis,
Equisetum fluviatile and Carex sp. (Lohammar, 1965;
Andersson, 2001; Valta-Hulkkonen, Partanen, & Kan-
ninen, 2003; Partanen, Keto, Visuri, Tarvainen, Riihi-
ma¨ki et al., in press). However, the mentioned species
were not the main contributors of the paludiﬁcation in
this study. At the site level the paludiﬁcation occurred
ARTICLE IN PRESS
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was mainly responsible for the bottom ward paludiﬁca-
tion and the peat formation in the studies lakes. It is an
invasive species originally introduced to Finland in the
1700s and favoured by high nutrient levels. G. maxima
has a tendency to form ﬂoats or decomposed fringes,
creating autogenic, plant directed, succession (Uotila,
1971). Consequently, it is immune to the water level
changes (Uotila, 1971; Partanen et al., in press).
Paludiﬁcation is reported to permanently change the
shoreline of large boreal lakes (Ma¨emets & Freiberg,
2004; Partanen & Hellsten, in press). The bottom ward
paludiﬁcation type dominated in the overgrowth of the
studies lakes. Besides peat, the accumulation of organic
matter was observed on many shores. It can be regarded
as the ﬁrst stage in the bottom ward paludiﬁcation
process of becoming shallow and followed by the peat
formation and transition into terrestrial vegetation
(Papchenkov, 2003). Generally, the aquatic environment
has been creating stable circumstances for the succes-
sion. It has been occurring slowly partly due to the slow
process of shallowing and because the physical condi-
tions like the climatic impact have been lacking
(Clements, 1936; Tutin, 1941). However, the importance
of the climatic effect to the aquatic macrophytes
speciﬁcally in the boreal zone can no longer be neglected
(Kankaala, Ojala, Tulonen, Haapama¨ki, & Arvola,
2000; Schindler, 2001).
We modelled the determinants of littoral paludiﬁca-
tion in boreal lake systems by taking into account
several types of variables acting on different spatial
scales (lake and site levels). A GLMM method enabled
the elimination of spatial dependence from the data and
the identiﬁcation of the most important environmental
variables affecting the site level paludiﬁcation. More-
over, VP enabled the examination of pure and
confounded effects of environmental variables on
littoral paludiﬁcation.
It should be noted that the inclusion of a random
effect in a GLMM procedure accounts for a substantial
proportion of the variation in site level littoral
paludiﬁcation already before adding any predictor into
the model. Partly therefore, the variation of littoral
paludiﬁcation at the site level explained by environmental
variables remains smaller than in lake level models without
a random effect. Additionally, at the site level the
paludiﬁcation was measured only as a binary variable
which potentially also decreased the explained deviance of
the models. However, the relatively large data set and the
use of rigorous statistical techniques add to the conﬁdence
and generality for the presented results.
This study indicated that there is still a strong demand
for information concerning the littoral processes and the
permanent long-time change in the boreal lake shores.
Regardless of the acquired scientiﬁc information of
overgrowth, paludiﬁcation processes and factors con-tributing to it are partly unknown and should be studied
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